A myocardial bridge (MB) is a common congenital anatomic structure mostly present in the left anterior descending artery (LAD), where a part of LAD is covered by myocardial tissue.
A myocardial bridge (MB) is a common congenital anatomic structure mostly present in the left anterior descending artery (LAD), where a part of LAD is covered by myocardial tissue. 1, 2 It has been widely recognized that the LAD under an MB and distal to the MB remains free from atherosclerotic disease, whereas the LAD segment proximal to the MB is vulnerable to atherosclerosis. [2] [3] [4] [5] [6] [7] [8] There is some evidence that the altered hemodynamic force of blood flow caused by systolic compression of an MB leads to an altered distribution of atherosclerosis and potentially predisposes to myocardial infarction. 2, 3, 9 However, some studies showed that the morbidity of myocardial infarction, prognosis, and myocardial perfusion during vasodilator stress in MB-present cases was equivalent to that in MB-absent cases. 4, 8, [10] [11] [12] [13] Thus, the influence of an MB on coronary atherosclerosis and the occurrence of myocardial infarction is still controversial.
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For identification of an MB, the combined application of multidetector computed tomography, computed tomographic angiography, intravascular ultrasound, and coronary angiography have been used in most of the clinical studies. 4, 5, 14, 15 The evaluation parameter for atherosclerosis in clinical studies is the luminal stenosis ratio, 4, 5, 14 whereas histopathologic studies use the intimamedia ratio (the area ratio of the intima to the media). 3, 6, 9, 16 In accordance with this, it would be helpful to simultaneously illustrate the histopathologic changes in the extent of intimal thickening and luminal narrowing of the LAD. In a previous study, the percentage stenosis in the coronary arteries was evaluated by injection of sulfate and gelatin into a coronary artery just after perfusion fixation. 17 Fixation of a coronary artery by perfusion with formalin at a physiological pressure in the autopsied heart allows recognition of more clinically relevant features than conventional fixation.
Apart from such technical matters, the risk factors (RFs) for coronary heart disease have been established and include age, male sex, smoking, diabetes mellitus, hypertension, hypercholesterolemia, and a family history of coronary artery disease. 18, 19 In addition, Nicoll et al 19 showed that the degree of coronary artery calcification was a more powerful predictor than traditional RFs for coronary heart disease. Recently, Nakaura et al 5 reported that age, diabetes mellitus, and an MB were independent factors for ≥50% stenosis in the proximal LAD evaluated by cardiac multidetector computed tomography in patients with some cardiac symptoms. However, there have been no reports demonstrating the relationship between an MB, the degree of stenosis, and RFs in patients without overt cardiac disease.
In this study, we explored the histomorphometric changes in atherosclerosis of the LAD across an MB from the left coronary ostium to the cardiac apex in subjects without cardiac disease. The luminal stenosis ratio in the LAD fixed with formalin perfusion may be considered to approximate clinical luminal stenosis; therefore, we analyzed in detail the relationship between the luminal stenosis ratio and the RFs for major coronary heart disease. The histopathologic results from thorough measurements should be useful in the interpretation of the results of various clinical investigations on MBs.
Materials and Methods

Materials
A total of 150 autopsied hearts from 104 males and 46 females, who were free from any clinical or morphological cardiovascular disease, were collected at Omori Hospital, Toho University Medical Center, Saiseikai Yokohamashi Tobu Hospital, and Omori Red Cross Hospital from 2010 to 2013. The information on RFs, such as hypertension, hypercholesterolemia, and diabetes mellitus, was obtained from clinical records. Hypertension was defined as a systolic blood pressure >140 mm Hg, diastolic blood pressure >90 mm Hg, or the use of antihypertensive agents. Hypercholesterolemia was defined as a total serum cholesterol level >220 mg/dL or the use of antihypercholesterolemic agents. Diabetes mellitus was defined from a physician-diagnosed history. We defined RF (+) as the patients with at least 1 RF among these 3 factors based on their clinical records; however, data on the severity of these RFs could not be obtained. The relatives of the studied subjects gave written informed consent for autopsy, and the study was approved by the Ethics Committee of Toho University School of Medicine (No. 25041, A17060).
For the autopsied heart, the left coronary ostium was exposed, and the entire length of the left coronary artery was first rinsed with physiological saline. A cannula was then inserted into the lumen, held in place with a ligature, and 10% neutral buffered formalin was injected under a constant pressure of 90 mm Hg for 90 minutes (the bottle of formalin was placed 120 cm above the left coronary ostium). After perfusion fixation, the whole heart was immersed in 10% neutral buffered formalin for 3 days. The length of the LAD along the sternocostal surface of the heart from the left coronary ostium to the cardiac apex was then removed together with the surrounding adipose and myocardial tissue and cross-sectioned at intervals of 0.5 cm. The sections were embedded in paraffin and thin-sectioned for staining with hematoxylin-eosin and elastica-van Gieson stain. Detailed observation often revealed cases that had multiple MBs in 1 LAD. In such cases, only the MB in the most proximal portion of the LAD was evaluated. Apart from this, the segments at the left coronary ostium were sometimes damaged by the perfusion cannula, so no measurements were performed on these segments.
Microscopically, we classified the cases into 2 groups: cases with an MB (MB [+] ) and cases without an MB (MB [−] ). In the former group, the LAD was partly covered with myocardial tissue. The length and thickness of each MB were determined, and the distance from the left coronary ostium to the first segment of the LAD covered by the MB was defined as the MB location. The number of the sections covered by a single MB was multiplied by 0.5 cm to define the MB length. The thickness of myocardial tissue bridging the LAD was microscopically measured, and the highest value was defined as the MB thickness.
To assess the extent of atherosclerosis, intimal thickening and luminal narrowing were defined as follows. The areas of the intima and media in histological sections were measured with an automated image analysis system (Visual Measure 32; Rise Corporation, Sendai, Japan). The cross-sectioned area ratio of the intima to media was defined as the intima-media ratio ( Figure IA in the online-only Data Supplement). The luminal stenosis ratio was defined as follows: 100−patency rate. The patency rate (%) was calculated as follows: (area surrounded by an intima/area surrounded by an internal elastic lamina)×100. All of these areas were measured using the same image analysis system in Figure  IA and IB in the online-only Data Supplement.
Statistical Analysis
Statistical analysis was performed using commercial software (IBM SPSS Statistics, version 24; IBM Corp, Armonk, NY).
For univariate analysis that compared the MB (+) and MB (−) groups, the Mann-Whitney U test and χ 2 test were applied to numeric variables and population ratios, respectively. In the MB (+) group, 1-way ANOVA followed by Bonferroni multiple comparison was applied to compare 3 independent subgroups. To evaluate the relationship between the intima-media and luminal stenosis ratios, Pearson correlation coefficient was calculated. The mean values of the intima-media ratio and luminal stenosis ratio at intervals of 0.5 cm from the left coronary ostium at each site in the MB (+) group were compared with those in the MB (−) group by a Mann-Whitney U test because these values did not show a normal distribution.
Sixty-seven cases in the MB (+) group (34 RF [+] cases and 33 RF [−] cases) had a luminal stenosis ratio ≥50%. For these cases, 2-way ANOVA followed by Bonferroni multiple comparison was applied for analyzing the anatomic distribution of the luminal stenosis ratio at segments proximal to the MB. For evaluating the goodness-of-fit of the distributions, the Shapiro-Wilk test and χ 2 test were applied for normality and uniformity, respectively. In the analyses above, we considered the luminal stenosis ratio only in segments 1.5 to 5.0 cm from the left coronary ostium. This was done because the luminal stenosis ratios at 0.5 and 1.0 cm were often missing because of bifurcation of the left circumflex coronary artery in some cases. Furthermore, a distance of 5.0 cm was the average location of the MB entrance.
To detect RFs associated with severe luminal stenosis, multivariate logistic regression analysis was performed.
In all of the above statistical tests, the significance level was set at 0.05.
Results
Background of the Patients
The MB (+) group consisted of 93 cases (male, 65; female, 28) with a mean age of 71.4±11.6 years, and the MB (−) group consisted of 57 cases (male, 39; female, 18) with a mean age of 71.4±13.4 years. There was no significant difference in distribution of age and sex between the 2 groups ( Table 1 ). The prevalence of hypertension, hypercholesterolemia, or diabetes mellitus was also not significantly different between the 2 groups ( Table 1 ). The length of the removed left coronary artery was also not significantly different between the 2 groups ( Table 1) .
Correlation of the Intima-Media Ratio With Luminal Stenosis Ratio
On histological examination, the lumen of the LAD was completely opened by perfusion fixation. The greatest stenosis was usually proximal to the MB ( Figure 1A ), while stenosis was always scarce under the MB ( Figure 1B) .
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The luminal stenosis ratio was closely correlated with the intima-media ratio (r=0.792; P<0.001; Figure 2) . Moreover, the means of the luminal stenosis ratio at each site of the LAD showed a similar distribution curve to that of the intima-media ratio ( Figure 3A and 3B ). Both the intima-media ratio and luminal stenosis ratio in the MB (−) group tended to increase between 1.0 and 3.0 cm from the left coronary ostium and then decreased gradually to the distal LAD ( Figure 3A and 3B). In contrast, both ratios in the MB (+) group sharply decreased at 4.0 to 6.0 cm from the ostium. Both ratios at the main sites that encompassed the MB (5.0-7.0 cm from the coronary ostium) were significantly lower than those at the corresponding sites in the MB (−) group. The peak of both ratios showed similar levels between the MB (+) and MB (−) groups.
To examine the significance of an MB on LAD atherosclerosis, the intima-media and luminal stenosis ratios were statistically compared in the MB (+) group among 3 portions of the LAD: the segments proximal to the MB, under the MB, and distal to the MB. The values of these 2 parameters in the segments under the MB and distal to the MB were significantly lower (P<0.001) than those in the segments proximal to the MB ( Figure 4A and 4B).
Site Exhibiting the Greatest Luminal Stenosis
Limited to the cases in which at least 1 segment showed ≥50% stenosis, we tried to identify the site of the greatest luminal stenosis to examine the influence of an MB and RFs on atherosclerosis. In the MB (+) RF (+) group (34 of 67 cases), the cumulative number of sites with the greatest luminal stenosis ratio showed a peak at 2.5 cm proximal to the MB ( Figure 5A ). The statistical normality of this distribution was proven by the Shapiro-Wilk test (P=0.649), and the homogeneity was negative by the χ 2 test (P=0.041). However, the distribution at the MB entrance site itself was not normal. Furthermore, such a distinct peak was not clearly observed in the MB (+) RF (−) group (33 of 67 cases; Figure 5B ). The statistical normality of the distribution was proven (P=0.384), but the assumption of uniformity was not rejected (P=0.219). Moreover, statistical normality and uniformity were rejected in the MB (−) group. There was no significant difference in distributions of the MB . Therefore, the potential functional impact of an MB was considered the same between the 2 groups. In the MB (+) group, the presence of RFs influenced the distribution of the site with the greatest luminal stenosis such that this site was 2.5 cm proximal to the MB entrance. However, no such peak proximal to the MB entrance was observed in the RF (−) patients.
Influence of an MB, RFs, and Anatomic Site on the Luminal Stenosis Ratio
There was a significant interaction at the site of the greatest luminal stenosis ratio among the 4 groups (MB Figure 6 ). On contrary, there were no significant differences between the MB (−) RF (+) and MB (−) RF (−) groups at all 8 sites (Figure 6 ). In the MB (+) group, the luminal stenosis ratio was enhanced by the presence of RFs at segments proximal to the MB, whereas there was little influence of RFs in the cases without an MB.
Combination of an MB and RFs as a Determinant of Luminal Stenosis
Multivariate analysis was attempted to explore the role of an MB, RFs, sex, and age for cases with a luminal stenosis ratio ≥50%, 60%, and 70%, respectively. The results indicated that age was an independent determinant of luminal stenosis ratio ≥50% and 60% (Table 2) . However, when the luminal stenosis ratio was ≥70%, MB (+) RF (+) was the only independent determinant ( Table 2) . Although age had a significant impact on luminal stenosis, MB (+) RF (+) was a more important factor than age for the development of a critical lesion.
Discussion
The present study illustrated the deleterious role of an MB on LAD atherosclerosis, when it coexists along with some RFs in hearts without significant cardiovascular disease. Our results showed that 2 histopathologic parameters for LAD atherosclerosis, the intima-media ratio and luminal stenosis ratio, were strongly correlated. Furthermore, the influence of an MB on stenosis was enhanced, and atherosclerotic lesions were concentrated at a certain site only in cases with an RF load. This study first demonstrated the fundamental distortion modes of the natural history of coronary atherosclerosis in the 
cm). A, The intima-media ratio in the MB (−)
group was higher at sites from 2.5 to 4.0 cm from the ostium and decreased gradually to the distal part. On the contrary, the intima-media ratio in the MB (+) group increased ≤2.0 cm and then decreased dramatically from 3.5 to 6.0 cm. The MB (+) group had a significantly lower intima-media ratio than the MB (−) group at the site where the MB was located (*P<0.05). B, The luminal stenosis ratio in the MB (−) group showed no significant fluctuation from 1.0 to 5.0 cm distal to the ostium and then showed a small decrease toward the distal part. The luminal stenosis ratio in the MB (+) group also showed no significant fluctuation from 1.0 to 3.0 cm distal to the ostium. However, it decreased dramatically from 3.5 to 5.0 cm distal to the ostium. The MB (+) group showed significantly lower luminal stenosis ratios at the sites over the MB than the MB (−) group at the corresponding sites (*P<0.05). LAD, so that our results should be consistent with the interpretation of clinical imaging. The influence of an MB on the development of atherosclerosis in the LAD has been controversial. In this study, the peak site of the mean intima-media ratio and luminal stenosis ratio in the MB (+) group was similar to that in the MB (−) group. In our previous study, the peak intima-media ratio in MB (+) cases was the same as in MB (−) cases; however, the intimamedia ratio at 1.0 cm distal to the left coronary ostium was greater in hearts with infarction in the MB (+) group than in the MB (−) group. 9 In addition, the histological intimal lesion grade according to the histological classification of American Heart Association 20, 21 was also the same between the MB (+) and MB (−) cases with myocardial infarction. 22 These parameters in the infarcted hearts were significantly higher than those in noninfarcted hearts. 9, 22 Indeed, the luminal stenosis ratios in some cases affected by old myocardial infarction (excluded from this study) were more severe than those in our 150 cases without infarction in the present study (data not shown). In the present study, the influence of an MB alone on luminal stenosis was not clear, and the luminal stenosis ratio showed only suppression of atherosclerosis under the MB in comparison with that in MB (−) patients. Nevertheless, the luminal stenosis ratio in cases of MB (+) RF (+) was significantly higher than that in cases of MB (+) RF (−) at all 8 sites proximal to the MB entrance, and there was no such difference between MB (−) RF (+) cases and MB (−) RF (−) cases. One of the reasons for the controversy of the influence of an MB on coronary atherosclerosis in previous studies [2] [3] [4] [8] [9] [10] [11] [12] [13] may be that there was a mixture of RF (+) and RF (−) cases in the MB (+) patients.
In this study, it is noteworthy that the most preferential site of atherosclerosis development was concentrated at a site that was 2.5 cm proximal to the MB entrance, particularly in cases with RFs. It was previously reported that the site of severe stenosis was 2.0 cm proximal to the MB entrance in patients with myocardial infarction. 9 Generally, the most stenotic LAD lesion for myocardial infarction of the anterior wall appears within 2 to 3 cm distal to the origin of the LAD 23 -a site that is 3 to 4 cm away from the left coronary ostium. Our results showed that the most frequent site of the greatest stenosis in the MB (+) RF (+) group was 2.5 cm from the left coronary ostium because the average site of the MB entrance was 5 cm from the left coronary ostium. Therefore, the site of atherosclerotic development was shifted 0.5 to 1.5 cm proximally by the presence of an MB. In addition, in >50% of our MB (+) RF (+) cases with ≥50% luminal stenosis, the sites of the +] ) with or without risk factor (RF) with ≥50% luminal stenosis ratio. A, In the MB (+) RF (+) group (n=34), the histogram shows a peak at a site that was 2.5 cm proximal to the MB entrance. In over half of the cases, the highest stenosis sites were included at sites 1.5 to 2.5 cm proximal to the MB. The statistical normality was proven (P=0.649; Shapiro-Wilk test) and uniformity was negative (P=0.041; χ 2 test). B, In the MB (+) RF (−) group (n=33), the distribution of the greatest luminal stenosis ratio was not statistically significant, indicating the absence of a distinct peak.
greatest stenosis were concentrated 1.5 to 2.5 cm proximal to the MB. The distribution of atherosclerosis in these patients seems to be determined not only by an anatomic factor but also by a complex pathophysiological factor, including the influence of an MB. 24 It is thus plausible that the presence of an MB increases retrograde blood flow toward LAD segments 2.0 to 3.0 cm proximal to the MB, which ultimately enhances the progression of atherosclerosis 2 from the early phase, especially in RF (+) cases. Ge et al 25 documented that the intracoronary pressure in the segment proximal to MB was higher (160/26 mm Hg) than aortic pressure (126/68 mm Hg) during systole. Moreover, they used intravascular ultrasound and intracoronary Doppler and showed that an MB reduced systolic antegrade flow, decreased the diastolic/systolic velocity ratio, and caused retrograde flow in the proximal segment. 26 Therefore, the LAD intima proximal to an MB is subjected to high blood pressure and low wall shear stress. Furthermore, blood flow velocity was lower in the segment proximal to the MB than within the MB segment. 15, [25] [26] [27] [28] We speculate that these are the main factors that contribute to the development of atherosclerosis in the segment proximal to an MB. Ishikawa et al 9 concluded that an MB was associated with a shift of coronary disease more proximally, and this preferential site of luminal stenosis in relation to the MB was reasonably attributed to hemodynamic disturbances caused by the MB.
In the present study, all segments showing ≥50% stenosis in the MB (+) group were categorized as fibroatheroma (late phase), fibrous plaque, intraplaque hemorrhage, fibrocalcific plaque, or nodular calcification. 29 The important lesions for coronary artery disease, such as thin-cap fibroatheroma or luminal thrombus (acute and chronic), were absent because our cases were free from any clinical cardiovascular disease. However, plaque rupture was generally associated with luminal area narrowing. 29 In addition, Ishikawa et al 22 showed that an unstable plaque-related lesion was located ≥2.0 cm proximal to the MB entrance. Therefore, the increase of luminal stenosis ratio at a site proximal to the MB entrance in the MB (+) RF (+) group may be related to the development of coronary artery disease.
With multidetector computed tomographic examination for MB detection and luminal stenosis, multivariate analysis suggested that not only age and diabetes mellitus but also an MB was an independent RF for coronary stenosis in the LAD. 5 However, in our present multivariate analysis, the only independent factor for ≥50% and 60% luminal stenosis was age. There are 2 possible reasons for the difference between their results and ours. First, Nakaura et al 5 examined patients who complained of some cardiac symptoms and excluded cases with significant coronary artery stenosis (≥50%). In addition, it is generally difficult to detect a small MB (<1 mm) by multidetector computed tomography. 30, 31 The histomorphological approach can detect an MB of any size. In our MB (+) group, 53% of the MBs had a thickness of <1 mm. A long and thick MB causes an increase in hemodynamic forces because of MB contraction, and this results in an increase of retrograde blood flow toward LAD segments proximal to the MB, which ultimately enhances the progression of atherosclerosis in the proximal LAD. 6, 9, 14, 22 Although some MBs in the present study were too small to influence lesion development, our study is useful for understanding the development of early atherosclerosis and the mild influence of an MB on the progression of atherosclerosis in the LAD.
However, when there was a luminal stenosis ratio ≥70%, an MB plus RF was an independent and greater factor than age. Wang et al 10 postulated that an MB showed a negative association with ≥50% stenosis proximal to the MB and concluded that an MB predicts a better prognosis. Their studied population was younger (mean age, 55 years) than ours (mean age, 71 years), and they ignored RFs. Age is generally the most important RF for coronary atherosclerosis and coronary heart disease. 22, 32 Although an MB may have a potential influence on atherosclerosis, especially in a younger population, atherosclerosis surely develops during a prolonged time period. Additionally, it was possible that hypertension and diabetes mellitus influenced luminal stenosis more than hypercholesterolemia only in the presence of an MB (Tables I and II in the  online-only Data Supplement) . In future, we hope to investigate the relationship among MB, RFs, and luminal stenosis with detailed clinical data and laboratory tests. We should keep in mind that an MB is also an important factor when elderly patients have some traditional atherosclerotic RFs.
Previous studies using the intima-media ratio 2, 3, 6, 9, 16, 22, 33 have clarified the participation of an MB in the development of atherosclerosis. In contrast, the rate of luminal stenosis in clinical practice is commonly used to indicate the severity of atherosclerosis. [11] [12] [13] Therefore, the results of histopathologic studies have been incommensurable with that of clinical studies. In this study, the luminal stenosis ratio was morphometrically measured using sections that were fixed with formalin perfused at a constant hydrostatic pressure (90 mm Hg). Because of the strong correlation between the luminal stenosis ratio and the intima-media ratio, it seems that the intima-media ratio can be replaced by the luminal stenosis ratio. This may allow estimation of the luminal stenosis ratio from the intima-media ratio in previous histopathologic studies of MBs, 2, 3, 6, 9, 16, 22, 33 and this should increase the clinical value of those studies.
In conclusion, although the influence of an MB alone on luminal stenosis in the LAD is somewhat limited, a harmful influence of an MB becomes evident in cases with RFs for coronary disease. It is evident that an MB over the LAD alters the spatial distribution of luminal stenosis with the advancement of atherosclerosis. In addition, such results are further apparent when the subjects have some RFs for atherosclerosis. Our results may help to resolve the conflicting arguments over the effects of an MB on intimal thickening and luminal stenosis. Although an MB has the potential to influence atherosclerotic development in all patients, an MB surely promotes atherosclerosis in the LAD in patients who have some RFs and thereby increases the risk of myocardial ischemia. Although the significance of an MB has long been controversial, our present results are fundamental to further consideration of the mechanism by which an MB influences the occurrence of coronary ischemia.
